Abstract. Toxoplasma rhoptry protein 16 (ROP16) is crucial in the host-pathogen interaction by acting as a virulent factor during invasion. To improve understanding of the molecular function underlying the effect of ROP16 on host cells, the present study analyzed the transcriptional profile of genes in the ROP16-transfected SH-SY5Y human neuroblastoma cell line. The transcriptional profile of the SH-SY5Y human neuroblastoma cell line overexpressing ROP16 were determined by microarray analysis in order to determine the host neural cell response to the virulent factor. Functional analysis was performed using the Protein Analysis Through Evolutionary Relationships classification system. The ToppGene Suite was used to select candidate genes from the differentially expressed genes. A protein-protein interaction network was constructed using Cytoscape software according to the interaction associations determined using the Search Tool for the Retrieval of Interacting Genes/Proteins. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of the selected genes confirmed the results of the microarray. The results showed that 383 genes were differentially expressed in response to ROP16 transfection, of which 138 genes were upregulated and 245 genes were downregulated. Functional analysis indicated that the differentially expressed genes (DEGs) were involved in several biological processes, including developmental process, biological regulation and apoptotic process. A total of 15 candidate genes from the DEGs were screened using the ToppGene Suite. No significant differences in expression were observed between the RT-qPCR data and the microarray data. Transfection with ROP16 resulted in alterations of several biological processes, including nervous system development, apoptosis and transcriptional regulation. Several genes, including CXCL12, BAI1, ZIC2, RBMX, RASSF6, MAGE-A6 and HOX, were identified as significant DEGs. Taken together, these results may contribute to understanding the mechanisms underlying the functions of ROP16 and provide scope for further investigation of the pathogenesis of Toxoplasma gondii.
Introduction
Toxoplasma gondii (T. gondii) is an opportunistic protozoan pathogen, which is capable of invading and replicating in all nucleated cells. T. gondii infection can cause neurological problems, including encephalitis, in immunocomprised individuals (1) . Of note, toxoplasmic infection in the prenatal period is a common cause of brain malformation, and can critically affect the central nervous system and retinal development, culminating in long-term cognitive deficits (2) . Histopathological lesions in the frontal lobe have been found to be more prevalent than in other areas of the brain of BALB/c mice infected with T. gondii (3) . T. gondii is defined by the presence of an apical complex, including secretory organelles (4, 5) . The rhoptries are one type of apical secretory organelle of T. gondii, and they have been shown to be closely associated with the parasites' pathogenesis, host cell invasion and host cell interaction (6) . At present, >30 rhoptry proteins have been identified, with several being involved in the invasive process, and important for growth and survival in the host cell (4) . ROP16 has serine-threonine kinase activity, a molecular weight of 96 kD and comprises 707 amino acids. The uniqueness of ROP16 to the apicomplexa is crucial in the host-pathogen interaction (7) . ROP16 is a key virulence determinant in terms of being a member of the ROP2 family and being able to invade the host cell nucleus rapidly following parasite infection. This protein invades host cell and accumulates in the host cell nucleus due to the nucleus localized sequence (8) . ROP16, a regulator of host cell transcription, subverts the host functions by direct tyrosine phosphorylation of the signal transducer and activator of transcription (STAT) pathways. Evidence obtained has confirmed that ROP16 from type I or III strains of T. gondii can affect the activation of the STAT3/6 signaling pathways, with consequent downstream effects on the key host cytokine, interleukin-12 (9) . In addition, ROP16 induces the phosphorylation and nuclear translocation of STAT5 to generate protective immunity (10) . These findings show that ROP16 can affect and subvert gene functions in the nucleus. The present study investigated the gene expression profile in the SH-SY5Y human neuroblastoma cell line transfected with ROP16 in order to improve understanding of the molecular function of ROP16 in the host neurocyte.
Materials and methods
Cell culture. The SH-SY5Y cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone; GE Healthcare Life Sciences, Logan UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The cells were incubated at 37˚C in a humidified air atmosphere containing 5% CO 2 and were passaged every 2-4 days by trypsinization.
Transfection of cells with ROP16.
The T. gondii ROP16 gene (preserved in house) was amplified via polymerase chain reaction (PCR) analysis using the following primers: ROP16, forward 5'-GAG AAT TCC ATG AAA GTG ACC ACG AAA GG-3', containing EcoRI, and reverse 5 '-GCGATA TCC TTG  TCA TCG TCG TCC TTG TAG TCC ATC CGA TGT GAA GAA  AGT TC-3' , containing the Flag-tag gene sequence EcoRV, and ligated using the NEB kit (New England Biolabs, Inc., Ipswich, MA, USA) with the target vector, pPEXPR-IBA105IP (preserved in house). The cycling conditions for PCR were as follows: i) Initial denaturation at 94˚C for 5min, ii) denaturation at 94˚C for 30 sec, iii) annealing at 65˚C for 30 sec, iv) elongation at 72˚C for 150 sec (repeat steps ii-iv for 30 cycles), vi) final extension at 72˚C for 10 min. The vector DNA and Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) were mixed together following incubation at room temperature for 5 min. The mixture was added to 6-well culture plates (density, ~80%) following incubation at room temperature for 20 min. The mixture was then incubated in 5% CO 2 at 37˚C. Puromycin (1 µg/ml) was used to select stably transfected cells following 24-48 h of culture. The SH-SY5Y-ROP16 cell line was cultured in the same conditions as the SH-SY5Y cell line. Finally, the expression level of ROP16 in the SH-SY5Y was determined using western blot analysis.
RNA isolation and microarray analysis. The total RNA of each cell line was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The RNA was further purified using a NucleoSpin ® RNA clean-up kit (Macherey-Nagel, Düren, Germany) and was quantified using an ultraviolet spectrophotometer and formaldehyde denaturing agarose gel electrophoresis. The RNA samples were sent to the Bioassay Laboratory of CapitalBio Corporation (Beijing, China) for microarray hybridization and analysis. Briefly, total RNA from each sample was reverse transcribed by denaturation at 94˚C for 5 min, 94˚C for 30 sec, annealing at 55˚C for 30 sec and elongation at 68˚C for 150 sec, with a final extension at 68˚C for 5 min. The cDNA synthesized was then labeled with CY3-dCTP (cat. no. PA 53021; GE Healthcare Life Sciences) using klenow enzyme (New England Biolabs, Inc.) according to the manufacturer's protocol. The hybridized slides were scanned on an Agilent G2565CA microarray scanner (Agilent Technologies, Inc., Santa Clara, CA, USA). The resulting text files were then obtained from the scanned image using Agilent Feature Extraction image analysis software and imported to Agilent GeneSpring GX software (Agilent Technologies, Inc.). The microarray data was normalized using the percentile shift method.
Analysis of differentially expressed genes (DEGs).
In the present study, a 2-fold change (log2 fold-change ≥1 or ≤-1) and a flag tag of 'Detected' were used as the thresholds to identify the DEGs. A gene was considered to be differentially expressed by transfection of ROP16 if its expression increased or decreased by ≥2-fold, compared with the control sample. Gene Ontology(GO) analysis was performed using Protein Analysis Through Evolutionary Relationships (PANTHER) for biological processes (11, 12) . The ToppGene Suite was used in order to select candidate genes of T. gondii from the microarray data (13) . DEGs from the microarray data were defined as the 'test gene set' and genes associated with T. gondii were defined as the 'training gene set' according to the records of Online Mendelian Inheritance in Man (OMIM; http://omim.org/) and GeneCards (http://www.genecards.org/) databases. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; http://www.string-db.org/) online database was used to evaluate information on protein-protein interactions (PPIs) of the DEGs (14) . Interactions with a high required confidence with a combined score ≥0.7 were selected. According to these interactions, PPI networks were constructed using Cytoscape software (3.2.1; http://cytoscape.org/) (15) . Further module analysis of the networks was performed using Molecular Complex Detection (MCODE), which is an application in Cytoscape (16) . The parameters used to identify the enriched functional modules were as follows: Degree cutoff, 2; Node score cutoff, 0.2; K-Core, 2; Maximum depth, 100.
RT-qPCR analysis. RT-qPCR analysis was used to confirm the microarray results in the present study. The cDNA was synthesized in a 20 µl reaction system. Genomic DNA was extracted using 2.0 µl 5xgDNA Eraser Buffer, 1.0 µl gDNA Eraser, 1 µg total RNA and complemented RNase-free dH 2 O up to 10 µl. The above mixture was incubated at 42˚C for 2 min. Subsequently, 4.0 µl 5X PrimeScript ® Buffer 2 (for Real Time), 1.0 µl PrimeScript ® RT Enzyme mix I, 1.0 µl RT Primer mix and complemented RNase-free H 2 O up to 20 µl were added. The mixture was incubated at 37˚C for 15 min and 85˚C for 5 sec to generate cDNA. The prepared cDNA was stored at -20˚C. SYBR Green Real-time PCR Master mix (Takara Bio, Inc., Otsu, Japan) was used to perform the reaction, a 10 µl volume contained 2.5 µl SYBR ® Premix Ex TaqTM II (2X), 0.2 µl PCR forward primer (10 µM), 0.2 µl PCR reverse primer (10 µM), 0.1 µl ROX reference dye (50X), 0.4 µl cDNA and 1.6 µl dH 2 O. RT-qPCR analysis was performed on a StepOnePlus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The housekeeping gene, glycerldehyde-3-phosphate dehydrogenase (GAPDH) was selected as an internal reference, and 10 additional genes were selected at random from the DEGs, the primers of which are shown in Table I . Triplicate RT-qPCR amplifications were performed for each gene. The amplification parameters were set as follows: 95˚C for 30 sec, 95˚C for 5 sec, 60˚C for 31 sec over 40 cycles. Finally, the quantification values were calculated and analyzed using the 2 -∆∆Cq method (17) .
Results

Transfection of cells with ROP16.
The present study used GAPDH as an internal reference for western blot analysis in order to compare the transcriptional levels of ROP16 in the SH-SY5Y-ROP16 and SH-SY5Y cell lines. The result demonstrated that ROP16 was successfully transfected into the SH-SY5Y cells (Fig. 1) .
Response of DEGs to transfection with ROP16.
The microarray data revealed that the host cell genes exhibited significant variety in expression level due to the transfection. A total of 383 genes were significantly altered as DEGs, which included 138 upregulated genes and 245 downregulated genes (Fig. 2) .
Functional categories of DEGs. The DEGs were analyzed using PANTHER in accordance with the biological process of PANTHER GO slim (a subset of GO terms providing a broad overview of GO) to elucidate the correlation between genes and physiology in host cells. As revealed by the results, transfection of cells with ROP16 affected several biological processes, including apoptotic process, biological regulation, development process, metabolic process and response to stimulus (Fig. 3) . The details of the biological processes of these genes are listed in Table II . Genes associated with neural system development, apoptosis and transcriptional regulation are listed in Table III according to the functional categories.
Candidate genes derived from DEGs. According to the instructions of ToppGene and ToppNet, the 'training gene set' contained 12 genes associated with Toxoplasma, which were collected from the OMIM and GeneCards database searches (Fig. 4) . Prioritization of candidate genes was obtained using the ToppGene method and ToppNet method. Candidate genes selected from the top 30 of the ToppGene and ToppNet ranks are shown in Table IV . In addition, 15 genes (CXCL12, APOE, STAT4, ABCA1, CISH, BMP2, ATG16L1, IGF8, PMS2, ATXN2, ELK1, PSMD9, AMOT, IARS and ISL1) were present in both sets of results.
PPI network construction.
A total of 40 PPI associations were obtained using STRING, and networks were constructed using Cytoscape (Fig. 5) . Typically, an individual network comprised a small gene count. S1PR5, CXCL12, LPAR3 and SSTR4 showed a high degree of connectivity, which was the only cluster examined by MCODE. The network was selected as a significant module by MCODE, with an MCODE score of four.
Validation of microarray results. To confirm the microarray results, RT-qPCR analysis was performed on 10 selected genes (ABCA1, STAT4, BMP2, S1PR5, TPM2, ISL1, SDK2, ACCCACCCTATGAACAACATGA  GAGTCGGGTAACGGAAACAGG  STAT4  GCTTAACAGCCTCGATTTCAAGA  GAGCATGGTGTTCATTAACAGGT  BMP2  ACTACCAGAAACGAGTGGGAA  GCATCTGTTCTCGGAAAACCT  S1PR5  GCGCACCTGTCCTGTACTC  SGTTGGTGAGCGTGTAGATGATG  TPM2  AGTTTGCCGAGAGGTCTGTG  TGGTCCAAGGTCTGGTGAATC  ISL1  GCGGAGTGTAATCAGTATTTGGA  GCATTTGATCCCGTACAACCT  SDK2  TCAAGTGGCTCCACAACAACA  GCACGATGCAACGGTAAAAGC  SEMA3D  TCAGAGCACTACTGGCTCAAT  ATCGGAGGTACTGCCTTCTTG  SP2  CTCAGCCCCGGCAAGAATAG  TTGATCGGGTCCCTTTGTTGA  ACSBG1 AGTACATCGCTTATGACTGCTGC TGGGTGTCAATGATGGCGTC GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC SEMA3D, SP2 and ACSBG1). These genes were all in accordance with the microarray data, although individual values were not identical due to differences in sensitivity between the two methods (Fig. 6 ).
Discussion
Identifying novel candidate genes of certain diseases provides clues for the investigation of novel biomarkers or target genes for diagnosis or therapy, and improves understanding of pathogenesis. ToppGene Suite is an advanced bioinformatics tool for examining and prioritizing candidate genes through comprehensive assessment of factors, including GO annotation, phenotype, signaling pathway and protein interaction, from a specific gene list (13, 18) . In the present study, 383 genes were found to have significantly altered expression through microarray-based detection comparing the expressional profiles of SH-SY5Y-ROP16 with those of SH-SY5Y. A total of 138 genes were upregulated and 245 genes were downregulated due to transfection with ROP16. The present study attempted to screen the most likely candidate gene associated with Toxoplasma in the DEGs following transfection with ROP16. The results of ToppGene and ToppNet revealed which DEGs caused by transfection with ROP16 were the most likely candidate genes associated with Toxoplasma and may be further investigated as target genes. The intersecting genes from ToppGene and ToppNet included CXCL12, APOE, STAT4, ABCA1, CISH, BMP2, ATG16L1, IGF8, PMS2, ATXN2, ELK1, PSMD9, AMOT, IARS and ISL1. Intersection indicated that the gene warranted high prioritization. The data in the present study showed that CXCL12 had the highest prioritization with a downregulated expression level, which may indicate that CXCL12 was a critical factor associated with the state of host cell development in response to the ROP16 transfection. CXCL12 is a key innate immune mediator, which is involved in embryonic neuronal survival and migration. CXCL12 is generally expressed in the brain of the central nervous system. A previous study noted that CXCL12 maintains the development of motor neurons and axons (19) , and also contributes to the development of glioma (20) . CXCL12 was involved in a significant network module with S1PR5, SSTR4 and LPAR3 according to the PPI network analysis. This suggested that these four genes may be considered as potential targets for the interaction between Toxoplasma and host. Table III . Genes associated with nervous system development, apoptosis and transcriptional regulation. Upregulated genes  Downregulated genes   Nervous system development  HOXC11, NEURL1B, BNC2, ZIC2,  HOXB6, SDK2, HOXB5, IGDCC3,  RBM4B, SLITRK1, PCBP3  SH2D5, HOXD13, SEMA3D, SCG5,  HOXB8, TPM2, RASL11A, ATXN2,  LINGO1, BAI1, SYT17, RBMX, CDK18,  ABLIM1, PHACTR3, EHD2, ISL1,  SLC6A15, REM2, NRXN3, All DEGs analyzed by PANTHER in the present study were involved in several biological processes, including cellular component organization or biogenesis, cellular process, localization, apoptotic process, reproduction, biological regulation, response to stimulus, developmental process, multicellular organismal process, biological adhesion, metabolic process and immune system process. The human nervous system is vital in maintaining homeostasis, comprising the central nervous system and peripheral nervous system. The brain is a preferred target during infection, particularly for chronic T. gondii infections. T. gondii may interfere with host neuronal function and modulate signaling pathways in the host brain (21) . The expressional profiles revealed 23 genes (six upregulated and 17 downregulated) associated with nervous system development, a subclass of developmental process. The expression of BAI1 was downregulated by the transfection with ROP16 among these genes. BAI1 is known as an angiogenesis inhibitor, which can be directly induced by wild-type p53 and has been reported to be specifically expressed in the human brain. BAI1 is typically expressed in the cerebral cortex of the human adult brain, and regulates synaptic plasticity and signal transduction in the neurological system (22, 23) . The ZIC2 gene is upregulated as it is a vital gene in human brain, which is involved in neural development (24) . RBMX is a protein-coding gene for the production of an RNA-binding protein involved in the tissue-specific regulation of gene transcription and alternative splicing of several pre-mRNAs. A previous study showed that a low expression level of RBMX resulted in poor development of the zebrafish head (25) . The downregulated expression of RBMX was also shown in the present study, which may indicate that the central nervous system was disturbed in the SH-SY5Y cells due to transfection with ROP16. Taken together, the decreased expression levels of BAI1 and RBMX, and increased expression of ZIC2 following transfection with ROP16 disrupted nervous system development.
Gene symbol Functional category -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------of interest
Apoptosis or 'programmed' cell death is an essential process in cells. Apoptosis is involved in healthy cells and diseased cells. It occurs during the normal development of cells and maintains the population of cells in tissues. Apoptosis acts as a defense mechanism, which removes toxins and contributes to homeostasis when immune reactions are activated. Previous studies have revealed that T. gondii infection results in cell apoptosis through disturbing signaling pathways of host cells (26, 27) . In the present study, nine genes associated with apoptosis were detected using microarray analysis, including three upregulated genes and six downregulated genes. It has been found that the upregulated gene, RASSF6, can interact with MDM2 and stabilize p53, promoting apoptosis and G1/S arrest in HCT116 cell lines (28) . The present study showed that RASSF6 was upregulated, which indicate that similar pathways may be involved in the apoptotic process of SH-SY5Y cells. It is well known that MAGE-A proteins can switch off the association between p53 and its responsive genes by inhibiting p53-dependent transcription. For example, the MAGE-A6 protein can inhibit expression of the p21 promoter. Low expression levels of MAGE-A results in the upregulation of genes, including p21, MDM2 and PUMA (29) . As the present study found MAGE-A6 was downregulated by transfection of ROP16, it was hypothesized that, in SH-SY5Y cells, the downregulated expression of MAGE-A6 contributed to the expression of p21, therefore, p53-dependent apoptosis may have been partly stimulated.
The typical characteristic of ROP16 is that it can rapidly migrate into the nucleus of host cells following the invasion of T. gondii. It is essential to investigate the effect of ROP16 on gene transcription as the nucleus has the ability to control vital activities of the cell through the regulation of gene transcription and translation. Several DEGs were found to be involved in transcriptional regulation. The homeobox (HOX) genes encode conserved transcription regulators and govern processes, including morphogenesis and cell differentiation in vertebrate embryonic development and development of the central nervous system, where their expression is restricted and complex. It has been reported that, in human adipose tissue, the HOX gene network regulates the transcription of adipogenesis (30) . In the present study, it was found that the majority of genes were upregulated, with the exception of HOXC11, which was downregulated. As HOX genes were differentially expressed due to the transfection of ROP16 in the present study, it was hypothesized that HOX genes may function critically in SH-SY5Y. However, the mechanism underlying the transcriptional regulation of HOX genes and their individual functions requires further investigation. The variation in gene expression in host cells under different physiological condition has been a key focus of investigations. The use of microarray technology assists in detecting alterations at a genome-wide level, which provides substantial benefits for experiments. In the process of altering gene expression in host cells, it is clear that pathogen proteins located in the nucleus are important. Thus, the examination of ROP16, a parasitic protein injected into the nucleus, contributed to improving comprehension of the pathogenic mechanisms of Toxoplasma.
In conclusion, the present study suggested that ROP16 transfection caused host cell alterations in the expression of multiple genes. These genes, particularly those involved in the processes of nervous system development, apoptosis and transcriptional regulation, may be vital in the response of host cells against T. gondii infection, and contribute to the pathogenesis of Toxoplasma. Novel candidate genes obtained through microarray analysis may provide insight for further investigations of its pathogenesis and therapeutic methods.
